Introduction
============

Alzheimer\'s disease (AD) is the leading cause of dementia worldwide and is characterized by the accumulation of amyloid-β plaques (Aβ), neurofibrillary tangles, synaptic and neuronal losses, and cognitive decline ([@b1-etm-0-0-5289]). Accumulation of Aβ and activation of neuro-inflammatory cytokines are directly associated with memory disturbances in the early stages of disease ([@b2-etm-0-0-5289],[@b3-etm-0-0-5289]). Although the molecular mechanisms underlying these changes remain to be elucidated, alterations in transcription factors have been implicated in neuronal dysfunction, excitotoxic cascades and the production of toxic proteins in AD ([@b4-etm-0-0-5289]--[@b6-etm-0-0-5289]).

A previous RNA-sequencing analysis in acutely isolated neurons revealed that transcription factor Myc-interacting zinc-finger protein 1 (Miz1) was differentially expressed in amyloid precursor protein/presenelin-1 (APP/PS1) mice compared with age-matched control littermates ([@b7-etm-0-0-5289]). Miz1, also called protein inhibitor of activated signal transducer and activation of transcription 2 (PIAS2), was initially identified as an interacting protein of transcription factor c-Myc ([@b8-etm-0-0-5289]--[@b10-etm-0-0-5289]). It contains 13 zinc fingers at the C-terminus and a poxvirus and zinc-finger domain at the N-terminus, which is required for transcriptional activation ([@b11-etm-0-0-5289],[@b12-etm-0-0-5289]). Miz1 serves a critical role in proliferation, differentiation, cell-cycle progression, apoptosis, and autophagy via transcriptional activation and repression of its target genes ([@b13-etm-0-0-5289]--[@b19-etm-0-0-5289]). However, few studies have investigated the association between Miz1 and AD.

In the present study, the expression patterns of Miz1 were examined in APP/PS1 mice and an increase in Miz1 expression was observed in the cortex but not in the hippocampus. Miz1 was also expressed in the cell bodies and dendrites of neurons and astrocytes, which indicated that alterations in Miz1 may be associated with the pathophysiology of AD.

Materials and methods
=====================

### Ethics statement

All animal experiments in the present study were reviewed and approved by the Ethics Committee of Chongqing Medical University (Chongqing, China; approval no. 0002648).

### Mice

A total of 30 male APP/PS1 transgenic mice with a C57BL/6J genetic background (n=15) and their wild-type littermates (n=15) were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). All mice (20--25 g; 7 months of age) were housed in standard cages (48×26 cm^2^) with 5 animals per cage. Mice were kept in a room at a controlled temperature (22±1°C) under a 12-h light/dark cycle and fed a pellet rodent diet and water *ad libitum*. All mice protocols were approved by the Chongqing Medical University Animal Welfare Committee. Specific primers for the APP and PS1 genes were designed by Sangon Biotech Co., Ltd. (Shanghai, China) as follows: APP forward, 5′-GACTGACCACTCGACCAGGTTCTG-3′ and reverse, 5′-CTTGTAAGTTGGATTCTCATATCCG-3′; PS1 forward, 5′-AATAGAGAACGGCAGGAGCA-3′ and reverse, 5′-GTGGATAACCCCTCCCCCAGCCTAGACC-3′, which have been accepted for the identification of APP/PS1 mice ([@b19-etm-0-0-5289],[@b20-etm-0-0-5289]). Mice were kept until they were 7 months old, as at this age mice display both pathological and behavioral abnormalities, including Aβ deposition and cognitive impairment ([@b21-etm-0-0-5289],[@b22-etm-0-0-5289]). For immunofluorescence analysis, brain tissues were fixed in 4% paraformaldehyde, 20% sucrose in PBS, and 30% sucrose in PBS, and subsequently sectioned into 10-mm-thick frozen slices. For western blot analysis, the neocortex and hippocampus were dissected quickly using RNase-free instruments and stored in liquid nitrogen for further use.

### Reagents

Antibodies against PIAS2 were from Abcam (Cambridge, MA, USA; 1:1,000) and antibodies against Miz1 were purchased from BIOSS (Beijing, China; bs-11234R; 1:40). Antibodies against glial fibrillary acidic protein (GFAP) were purchased from Boster Biological Technology (BM4393, Pleasanton, CA, USA; 1:100) and antibodies against microtubule-associated protein 2 (MAP2) were purchased from Boster Biological Technology (Pleasanton, CA, USA; BM1243; 1:100). Alexa Fluor 555-labeled donkey anti-mouse IgG (H+L) (1:200; A0460) and Alexa Fluor 488-labeled goat anti-rabbit IgG (H+L) (1:200; A0423) were from Beyotime Institute of Biotechnology (Haimen, China), and horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (151341AP; 1:5,000) and HRP-conjugated anti-mouse secondary antibody (HRP66008; 1:5,000) were from ProteinTech Group, Inc. (Chicago, IL, USA). Secondary goat anti-rabbit antibody was purchased from OriGene Technologies, Inc. (Rockville, MD, USA; TA130021; 1:100).

### Immunohistochemistry

Paraffin-embedded sections of brain tissue were deparaffinized in xylene and rehydrated in a graded series of ethanol prior to staining. After dewaxing and incubation in 3% H~2~O~2~ for 30 min at 37°C, sections were washed with PBS and boiled in 10 mmol/l sodium citrate buffer (pH 6.0; Boster Biological Technology) for 15 min at 92--98°C for antigen retrieval. The sections were then blocked in goat serum (Boster Biological Technology; 10%) for 60 min at 37°C. The sections were incubated with a 1:40 dilution of primary anti-Miz1 antibody overnight at 4°C. Sections were then washed three times for 15 min in PBS, incubated with secondary goat anti-rabbit antibody (TA130021; 1:100; OriGene Technologies, Inc.) for 30 min at 37°C, washed again, incubated with HRP-conjugated streptavidin (OriGene Technologies, Inc.) for 30 min at 37°C and washed again. Sections were then incubated with 3,3′-diaminobenzidine (DAB; OriGene Technologies, Inc.) for 2 min at room temperature, a process which was then terminated using water. Hematoxylin was used to counterstain the nuclei at room temperature for 1 min. Subsequently, samples were dehydrated in lithium carbonate for 1 min, incubated with dimethylbenzene for 5 min at room temperature, mounted, and dried overnight. Finally, images were captured using light microscopy (Nikon Corporation, Tokyo, Japan).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RTq-PCR was performed as described previously ([@b23-etm-0-0-5289]). Total RNA was isolated from brain tissues using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and reverse transcribed using HiScript II Reverse Transcriptase (R201-01/02; Vazyme Biotech Co., Ltd., Nanjing, China) and random primers in a PCR reaction procedure (25°C for 5 min, 42°C for 15 min and 85°C for 5 min). qPCR was performed on the Mastercycler ep realplex qPCR System (Eppendorf, Hamburg, Germany) with the SYBR-Green qPCR Master Mix (Vazyme Biotech Co., Ltd., Jiangsu, China) with specific primers for Miz1 and β-actin as an internal control. An Eppendorf Real Time PCR system was used with the following parameters: One cycle at 95°C for 30 sec, followed by 40 cycles at 95°C 5 sec, 60°C for 34 sec, and one cycle at 95°C for 15 sec, 60°C for 1 min and 95°C for 15 sec. The median value of the replicates for each sample was calculated according to the 2^−ΔΔCq^ method ([@b24-etm-0-0-5289]). Data presented were the mean from 3 independent experiments. Primers used were as follows: Miz1 forward, 5′-AGGCACACTGTCTGAGAAGAGA-3′ and reverse, 5′-TGGTTCAGCTGCTCCAAGA-3′; and β-actin forward, 5′-ACGGTCAGGTCATCACTATCG-3′ and reverse, 5′-GGCATAGAGGTCTTTACGGATG-3′.

### Western blot analysis

Proteins were extracted from mice cortex and hippocampus using radioimmunoprecipitation assay buffer (P0013E; Beyotime Institute of Biotechnology). Protein concentrations were measured using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Equal amounts of protein (50 µg) were separated by 8% SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) using an electrophoretic transfer system. The membranes were blocked with 5% non-fat dry milk in Tris buffered saline and Tween-20 (TBST) for 1 h at room temperature, and incubated with primary antibodies against Miz1 and GAPDH overnight at 4°C. The blots were subsequently incubated with HRP-conjugated anti-rabbit and anti-mouse secondary antibodies (both 1:5,000; ProteinTech Group, Inc.) for 1 h at room temperature and washed in TBST 3 times for 5 min each time. The bands were visualized using an enhanced chemiluminescence reagent (Thermo Fisher Scientific, Inc.) and a Fusion FX5 image analysis system (Vilber Lourmat, Marne-la-Vallée, France). Quantity One software 4.6.2 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to measure the resultant optical density values.

### Immunofluorescence

The sections of brain tissue were incubated at room temperature in acetone for 30 min, washed with PBS, permeabilized with 0.4% Triton-X for 10 min, and washed again with PBS. Following antigen retrieval with 10 mM/l sodium citrate buffer by heating at 9--98°C for 20 min, sections were washed with PBS again and blocked against non-specific antigen by incubation at room temperature with goat serum working liquid (Boster Biological Technology; 10%) for 1 h, and incubated in primary anti-Miz1/MAP2/GFAP antibodies overnight at 4°C. Proteins were subsequently detected by incubation with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 555 donkey anti-mouse IgG secondary antibodies (1:200) in the dark for 1 h at 37°C. Sections were subsequently washed and counterstained with 4,6-diamidino-2-phenylindole (DAPI) for 15 min at room temperature and washed with PBS. Finally, the sections were visualized by confocal laser scanning microscopy (Nikon Corporation).

### Statistical analysis

All data are presented as the mean ± standard error of the mean. Results were analyzed using Student\'s t-test. All statistical calculations were performed using SPSS 20.0 software (IBM Corp., Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Miz1 expression in the brain detected by immunohistochemistry

It is known that Miz1 serves a regulatory role in inflammation, which may provide a critical transcriptional checkpoint to prevent excessive inflammatory responses and tissue damage in the host. To determine the role of Miz1 in Alzheimer\'s disease, the expression of Miz1 was analyzed in the brains of wild-type (WT) mice and APP/PS1 (AD) mice at the age of 7 months using immunohistochemistry, and brown staining indicated that cells were positive for Miz1 expression. Miz1 expression was detected in brain tissues from the WT and AD mice ([Fig. 1](#f1-etm-0-0-5289){ref-type="fig"}). Compared with WT mice, expression of Miz1 was markedly increased in the cortex of AD mice at 7 months of age. However, no marked differences were observed in Miz1 expression in the hippocampus of WT and AD mice. In cortex and hippocampus tissues from both groups, Miz1 was primarily located in the cytoplasm ([Fig. 1](#f1-etm-0-0-5289){ref-type="fig"}).

### Elevated Miz1 expression in the cortex of AD mice

Western blot analysis was conducted to determine the expression of Miz1 protein in the brains of WT (n=6) and AD (n=6) mice. GAPDH was used as an internal loading control ([Fig. 2A](#f2-etm-0-0-5289){ref-type="fig"}). The results revealed that the expression of Miz1 was significantly higher in the cortex of AD mice compared with WT mice (P\<0.05; [Fig. 2A](#f2-etm-0-0-5289){ref-type="fig"}). No significant difference was observed in Miz1 expression in the hippocampus between the groups ([Fig. 2B](#f2-etm-0-0-5289){ref-type="fig"}).

### Elevated Miz1 mRNA expression in the cortex of AD mice

RT-qPCR was used to analyze Miz1 mRNA fold changes in the groups (n=3; [Fig. 3](#f3-etm-0-0-5289){ref-type="fig"}). The results indicated that Miz1 expression was significantly higher in the cortex of AD mice compared with WT mice ([Fig. 3A](#f3-etm-0-0-5289){ref-type="fig"}; P\<0.01). However, no significant difference was observed in the hippocampus between WT and AD mice ([Fig. 3B](#f3-etm-0-0-5289){ref-type="fig"}).

### Miz1 expression in mouse brain tissue detected by immunofluorescence

The role of inflammation in the pathophysiology of AD is well-established ([@b21-etm-0-0-5289],[@b22-etm-0-0-5289]). Astrocytes are regarded as the most important inflammation cells ([@b25-etm-0-0-5289]). The location of Miz1 in the WT and AD mouse brain tissues was assessed via immunofluorescence assay. The results indicated that Miz1 (green) was co-expressed with GFAP (red) in both the cortex and hippocampus of WT and AD mice ([Fig. 4](#f4-etm-0-0-5289){ref-type="fig"}). It was also observed that Miz1 was co-expressed with MAP2 in the brains of WT and AD mice. Furthermore, Miz1 was predominantly found in the cytoplasm of neurons. These results indicate that the expression of Miz1 in astrocytes may be associated with inflammation in the pathology of AD ([@b26-etm-0-0-5289]--[@b29-etm-0-0-5289]).

Discussion
==========

AD is an age-related neurodegenerative disorder characterized by accumulation of Aβ plaques, neurofibrillary tangles (NFTs), synaptic and neuronal loss, and cognitive decline ([@b30-etm-0-0-5289]). However, the underlying physiological mechanisms remain to be elucidated. It has been postulated that Aβ deposition and neurofibrillary tangles are critical factors in the pathogenesis of AD ([@b31-etm-0-0-5289]). Unfortunately, animal studies and clinical trials over the past 20 years have failed to manipulate levels of Aβ and NFTs as targets for AD treatment ([@b32-etm-0-0-5289]--[@b34-etm-0-0-5289]). Therefore, there is a need to identify novel treatment targets and mediators associated with AD.

Miz1 serves a critical role in regulating proliferation, differentiation, cell cycle progression, and apoptosis ([@b35-etm-0-0-5289]--[@b37-etm-0-0-5289]). It also mediates DNA damage responses, lymphoid development and inflammation via transcriptional activation and repression of target genes ([@b29-etm-0-0-5289]). However, the cell cycle-independent functions of Miz1 are poorly understood ([@b10-etm-0-0-5289]). Previous observations have indicated that Miz1 has a broad expression profile, and it has also been detected in neural precursor cells and in different parts of the adult brain, indicating that the functions of Miz1 extend beyond regulation of cell proliferation ([@b38-etm-0-0-5289],[@b39-etm-0-0-5289]). In the present study, it was demonstrated that Miz1 was broadly expressed in the cortex and hippocampus. Furthermore, Miz1 was detected in both neurons and astrocytes, suggesting that it may serve an important regulatory role in a wide variety of processes, including neuronal plasticity, neurotransmission and neuroinflammation. In the present study, it was observed that Miz1 levels were significantly increased in the cortex of AD mice. Consistent with this finding, qPCR analysis revealed that the mRNA levels of Miz1 were also increased in the cortex of AD mice. It is interesting to note that no significant differences were observed in Miz1 expression in the hippocampus. Such region-specific alterations in Miz1 in AD mice may reflect region-specific signaling events associated, at least in part, with basal differences in distinct brain structures ([@b40-etm-0-0-5289],[@b41-etm-0-0-5289]).

The expression changes of Miz1 in AD mice suggest that Miz1 may participate in the progression of AD. To the best of our knowledge, the present study is the first to indicate increased expression of Miz1 in the cerebrum. However, the specific roles of Miz1 in AD remain unknown. Double-label immunofluorescence analysis revealed that Miz1 was co-expressed with Map-2 in neurons, indicating that Miz1 may be associated with neural plasticity. As a transcription factor, Miz1 activates a variety of target genes in the brain. Multiple proteins encoded by target genes of Miz1 are associated with synaptic surface receptor trafficking, synaptosome transport and endocytosis ([@b10-etm-0-0-5289]). Based on this, the increased Miz1 expression in AD mice observed in the present study may be associated with synaptic dysfunction and thus impairments of cognition. However, Miz1 was also observed in astrocytes, and it is known that astrocytes are the main effectors in the inflammatory process of the central nervous system ([@b42-etm-0-0-5289]). In lung tissue, Miz1 in the cytoplasm suppresses lipopolysaccharide- and tumor necrosis factor-induced inflammatory responses by specifically interfering with c-Jun N-terminal kinase activation independently of its transcriptional activity, indicating that Miz1 provides a critical transcriptional checkpoint preventing the host from excessive inflammatory response ([@b26-etm-0-0-5289]). However, whether Miz1 located in astrocytes in the central nervous system is associated with the anti-inflammatory process in AD remains unclear. Notably, the disruption of normal posttranslational modification-based signaling at the synapse is a pathological mechanism that likely contributes to cognitive dysfunction in diseases such as AD ([@b43-etm-0-0-5289]). A previous study reported that Miz1 may participate in small ubiquitin-like modifier (SUMO) conjugation and SUMO ligase activity ([@b44-etm-0-0-5289]). Therefore, Miz1 may also participate in AD progression through multiple mechanisms.

In summary, the results of the present study demonstrate that the expression of Miz1, which is a protein associated with a variety of functions including autophagy and inflammation, was altered in APP/PS1 mice. Subcellular localization suggests that Miz1 in neurons and astrocytes may serve a role in the pathology of AD. Since Miz1 promotes autophagy and inhibits inflammation and apoptosis, this suggests that the increased expression of Miz1 in APP/PS1 mice may be a compensatory response. However, the exact function of Miz1 in AD requires further study to be fully understood.
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![Miz1 immunoreactivity in the cortex and hippocampus of WT and AD mice. Sections of cortex and hippocampus from WT mice and a amyloid precursor protein/presenelin-1 mouse model of AD evaluated using immunohistochemistry, which revealed Miz1 in the cytoplasm of neurons in the cortex and in the hippocampus. The expression of Miz1 was markedly higher in the cortex of AD compared with WT mice. Scale bar=50 µm. Miz1, Myc-interacting zinc-finger protein 1; WT, wild-type; AD, Alzheimer\'s disease.](etm-14-06-5751-g00){#f1-etm-0-0-5289}

![Western blot analysis of Miz1 expression in the cortex and hippocampus of WT and amyloid precursor protein/presenelin-1 AD model mice. Representative western blots and quantified data illustrating Miz1 expression in (A) the cortex and (B) the hippocampus of WT and AD mice relative to GAPDH, which was used as the loading control. n=6. \*P\<0.05 vs. WT. Miz1, Myc-interacting zinc-finger protein 1; WT, wild-type; AD, Alzheimer\'s disease.](etm-14-06-5751-g01){#f2-etm-0-0-5289}

![Reverse transcription-quantitative polymerase chain reaction was performed to assess Miz1 mRNA expression in (A) the cortex and (B) the hippocampus of WT and amyloid precursor protein/presenelin-1 AD model mice. The values are expressed as a fold-change using β-actin as a reference. n=3. \*\*P\<0.01. Miz1, Myc-interacting zinc-finger protein 1; WT, wild-type; AD, Alzheimer\'s disease.](etm-14-06-5751-g02){#f3-etm-0-0-5289}

![Immunofluorescence staining to assess the localization of Miz1. Miz1 (green) and GFAP/MAP2 (red) are co-expressed (merged, yellow) in the (A) cortex and (B) hippocampus of WT and amyloid precursor protein/presenelin-1 AD model mice. Arrows indicate cells positive for Miz1 and GFAP or MAP2. Magnification, ×400. Miz1, Myc-interacting zinc-finger protein 1; GFAP, glial fibrillary acidic protein; MAP2, microtubule-associated protein 2; WT, wild-type; AD, Alzheimer\'s disease.](etm-14-06-5751-g03){#f4-etm-0-0-5289}
